Early studies of synaptic depression proposed that it was due to depletion of an available pool of releasable vesicles, with a consequent reduction in release probability while this pool was replenished ( Ϫ70 mV or more negative to isolate AMPA responses, Typically, synaptic depression is sensitive to conditions showed depression of the amplitude of the second that change release probability, implying that depres-EPSC when two stimuli were given within 150 ms of each sion is governed presynaptically; lowering release probother in all neurons recorded (n ϭ 30). The amplitude of ability decreases depression and may convert it to facilithe first EPSC remained stable for pairs of stimuli given tation, while increasing release probability increases at 0.33-0.1 Hz, indicating that full recovery of evoked depression (Zucker, 1989; Dobrunz and Stevens, 1997).
Paired Pulse Depression Is Blocked by Cyclothiazide
Previous work has shown that CTZ, a drug known to block postsynaptic desensitization of AMPA receptors (Vyklicky et al., 1991; Yamada and Tang, 1993) , reduces PPD at the endbulb-bushy cell synapse at short ISIs . We investigated the effects of CTZ at ISIs up to 150 ms and found that CTZ (50 M) only abolished PPD at ISIs up to approximately 50-80 ms, during the period in which the EPSC ratio was increasing in control recordings; it had no significant effect on PPD at ISIs where the EPSC ratio had reached plateau levels ( Figures 1B, 1C , and 2B). The mean EPSC ratio at an ISI of 5 ms in CTZ was 1.13 Ϯ 0.13 ( Figure 1C ; n ϭ 5, p Ͻ 0.0001, compared with control PPD). This early phase of PPD was thus termed CTZsensitive PPD and was further investigated here.
Strontium Enhances Paired Pulse Depression
The effect of CTZ on PPD suggested that postsynaptic desensitization of AMPA receptors might underlie PPD at the endbulb synapse, as has been shown for PPD at the homologous auditory synapse between cochlear nerve fibers and magnocellularis neurons in the chick (Trussell et al., 1993; Otis et al., 1996b) . If this were the case, then conditions that alter short-term plasticity by changing presynaptic release probability should be relatively ineffective at altering PPD. We therefore examined the effects of adding extracellular Sr 2ϩ , a divalent cation desensitization of AMPA receptors or presynaptic vesicle depletion, since fewer vesicles and less glutamate are released. Contrary to this expectation, the addition the mean ratio of the amplitudes of the second to the first of 4 mM Sr 2ϩ (n ϭ 5 neurons) increased PPD (mean EPSCs was 0.44 Ϯ 0.04 (n ϭ 30). As the ISI increased, the EPSC ratio at 5 ms ISI ϭ 0.31 Ϯ 0.08, p ϭ 0.07, paired mean EPSC ratio increased until it reached a plateau t test, compared with control value of 0.48 Ϯ 0.11). value of approximately 0.9 at ISIs longer than 50 ms.
Strontium also altered the time course of PPD, slowing The mean time course of PPD at Ϫ70 mV was best fitted the rate of PPD recovery and enhancing the degree of by a single exponential function with a time constant of PPD during the plateau phase ( Figure 2C ). The best fit 9.4 Ϯ 0.6 ms and plateau value of 0.92 Ϯ 0.01 ( Figure 1C) .
to the mean EPSC ratio data was a single exponential The large degree of PPD at short ISIs and its rapid function with a time constant of 25 Ϯ 2 ms and plateau decrease indicates that PPD is unlikely to be due to value of 0.69 Ϯ 0.02 ( Figure 2C This did not seem to be the case, since the slowing of mean baseline mEPSC amplitude ( Figure 3E ), the relationship between mean DR mEPSC amplitude against PPD recovery to plateau levels in the presence of Sr , paired t test) but had no effect on PPD at pressed (p ϭ 0.06, one sample t test). As mean PPD at ISIs where the EPSC ratio had reached plateau levels 5 ms ISI was 0.44 in the same conditions, this result ( Figures 2B and 2C) .
suggests that postsynaptic AMPA receptor desensitization does not play a large role in PPD.
Spontaneous Miniature AMPA EPSCs during Delayed
It is possible that mEPSC amplitude during DR in Release following Evoked AMPA EPSCs Do Not control conditions did not show substantial depression Show Amplitude Depression Consistent with because insufficient mEPSCs were collected to detect Postsynaptic Receptor Desensitization desensitization at a proportion of the large population At synapses, CTZ may not act exclusively to relieve of postsynaptic densities present at the endbulb-bushy desensitization, since CTZ increases spontaneous mincell synapse. As illustrated in Figure 3A , we therefore iature EPSC (mEPSC) frequency at the endbulb and increased DR by addition of Sr 2ϩ (4 or 10 mM), with the other central synapses (Diamond and Jahr, 1995; Isaacadditional effect of enhancing and prolonging PPD (see son and Walmsley, 1996), an effect usually associated above), to maximize the detection of desensitization. with a presynaptic alteration of release probability (Katz, Sr 2ϩ almost doubled mean peak mEPSC frequency dur-1969; Zucker, 1989). We therefore sought to measure ing DR, to 15.8 Ϯ 6.6 times greater ( Figure 3B ) than directly postsynaptic AMPA receptor desensitization, by baseline frequency in the presence of Sr 2ϩ ( Figure 3C , examining the amplitude of mESPCs during the period 8.3 Ϯ 2.4 Hz, n ϭ 7); it also markedly slowed the decay of enhanced mEPSC frequency (delayed release, DR) of mEPSC frequency back to baseline with a time confollowing an evoked response (Goda and Stevens, 1994; stant of 81.8 Ϯ 6.1 ms ( Figure 3B , single exponential Abdul-Ghani et al., 1996; Otis et al., 1996b). fit). Despite this large increase in mEPSC frequency durDelayed release could often be seen under our normal ing DR, there was little mEPSC amplitude depression recording conditions (e.g., Figure 3A) . In seven neurons, following the evoked EPSC in the presence of Sr 2ϩ (Figmean peak ) with paired pulse responses during partial depletion. The value of this comparison influx into the endbulb in response to the first stimulus, and not on the number of vesicles or amount of glutais that, while the level of release in the two conditions is similar (mean first EPSC amplitude was 62% Ϯ 7% mate released in the first EPSC, providing further evidence against both presynaptic depletion and postsynof control in low Ca 2ϩ compared with 49% of control following depletion), presynaptic Ca 2ϩ influx will be reaptic desensitization as major sources of PPD. Finally, since either low Ca 2ϩ or CTZ alleviates PPD, duced in low Ca 2ϩ but maintained at normal levels during partial depletion. In marked contrast to the failure of if both conditions operate via a common mechanism, these conditions should at least partially occlude each partial depletion to alter PPD (see above), low Ca 2ϩ abolished PPD ( Figure 6C ). The mean amplitude ratio of other. This is the case, as illustrated in Figure 6D ; in four cells recorded in low Ca , 1996b) . At the rat endbulb-bushy separate mechanisms, depletion being insensitive, and cell synapse, CTZ also slows evoked EPSC or mEPSC depression sensitive, to CTZ. Other results also suggest decay and blocks PPD . that PPD at the endbulb synapse is not due to vesicle However, at the endbulb, CTZ-induced changes in depletion. For example, addition of strontium reduced evoked EPSC shape are due to the slower decay of the number of vesicles released in the first EPSC, yet quantal mEPSCs, since the evoked EPSC in CTZ can markedly enhanced PPD, while high external Ca 2ϩ signifbe reproduced by convolution of the quantal mEPSC in icantly increased PPD without substantially increasing CTZ with the probability of quantal release (Isaacson vesicle release in the first EPSC. and Walmsley, 1995a; . Indeed, it is unlikely that a single stimulus will substanThus, if quantal content remains constant, AMPA receptially reduce the pool of available vesicles at the endtor desensitization will not decrease the evoked EPSC bulb. Serial electron micrography of the endbulb reveals unless it also substantially decreases quantal amplitude.
at least several hundred release sites per endbulb, each In contrast to the substantial mEPSC amplitude depreswith a population of morphologically "docked" vesicles sion seen at the chick magnocellularis synapse ( , and prior evoked release, and we speculate that it may be other divalent cations, responsible for various forms of similar to the Ca 2ϩ -dependent mechanism described short-term plasticity (Goda and Stevens, 1994; Zucker, here. 1996). The addition of Sr 2ϩ significantly enhanced and prolonged both CTZ-sensitive PPD and DR at the end-A Calcium-Dependent Molecular Mechanism bulb, suggesting that both of these forms of short-term for Synaptic Depression? plasticity may be modulated by a Sr 2ϩ -sensitive presynUltimately, the molecular mechanism for depression is aptic mechanism acting via the high-affinity site for Ca 2ϩ . likely to involve a Ca were detected for a period covering 200 ms after the evoked EPSC (excluding the first 1-3 ms following the evoked EPSC peak). All by video microscopy (C-2400-07 ER video camera, Hamamatsu, Japan) with infrared translumination (Omega Optical, Brattleboro, mEPSCs were baselined to the mean current immediately prior to their onset. Only mEPSCs with 10%-90% rise times of 50-400 s VA, filter band pass 750Ϫ790 nm) and Nomarski optics (Axioskop FS, Carl Zeiss, Goettingen, Germany). EPSCs were evoked with a and half widths of 0.2 to 0.8 or 1.6 (CTZ only) ms were accepted for analysis; these criteria excluded less than 5% of detected events. voltage pulse ( 
